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Abstract 

We discuss prospects for stabilizing the volume modulus of M = 1 supersymmetric 
type IIB orientifold compactifications using only perturbative corrections to the Kahler 
potential. Concretely, we consider the known string loop corrections and tree-level a' 
corrections. They break the no-scale structure of the potential, which otherwise pro- 
hibits stabilizing the volume modulus. We argue that when combined, these corrections 
provide enough flexibility to stabilize the volume of the internal space without non- 
perturbative effects, although we are not able to present a completely explicit example 
within the limited set of currently available models. Furthermore, a certain amount of 
fine-tuning is needed to obtain a minimum at large volume. 



1 Introduction 



In a companion paper £Q we computed one-loop corrections to the Kahler potentials 
of certain supersymmetric orientifolds of type IIB string theory Here, we interpret 
these results in the context of volume stabilization. The two papers can be read 
independently. 

To make contact with phenomenology, a viable string theoretical model must deal 
with the problem of stabilizing the scalar moduli fields. One way to generate a potential 
for many of these scalars is by turning on background fluxes. In type IIB orientifolds, 
fluxes lead to no-scale potentials, which stabilize some moduli but leave the Kahler 
moduli unfixed, among them the overall volume of the internal space j2j. The general 
form of this flux-induced potential is given by the standard F-term expression of M = 1 
supergravity 1 

(1) 

where the superpotential only depends on the complex structure moduli U a and the 
axio-dilaton S, 

W Rux = W(S,U a ) . (2) 

Here M, N run over all the fields (chiral multiplets) of the theory. The Kahler co- 
variant derivative is defined as usual, D M W = {3m + K M )W, and subscripts indicate 
derivatives. 

For a IIB string compactification on a Calabi-Yau manifold with a single Kahler 
modulus p whose imaginary part measures the overall volume of the internal space, the 
classical Kahler potential for p has the form 2 

K(p,p) = -3Hp-p) . (3) 

The expression is "classical" in the sense that it is leading order in string perturbation 
theory and in the a' expansion of the effective action. In particular, the moduli space 
factorizes and the Kahler metric is block-diagonal with one factor for the Kahler moduli. 
The superpotential (J2J) and the Kahler potential © together satisfy 

K pp D p WDpW = 3\W\ 2 , (4) 

1 We always refer to IIB orientifolds with D3- and D7-branes here. In models with D5- and D9- 
branes, D-term potentials appear as well PJ- 

2 We leave out additive constants in writing the Kahler potential, such as — 31n[— i] in this case, 
since they do not affect the Kahler metric, but we do take care of these factors in the prefactor exp(K) 
of the potential JTJ . 
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which leads to the no-scale property [2] of the classical potential of orientifold flux com- 
pactifications. This generalizes to several Kahler moduli p a and to any perturbatively 
generated superpotential, since the real parts (RR scalars) of the Kahler moduli obey 
a shift symmetry that forbids their appearance in the superpotential to all orders in 
perturbation theory E] ■ The resulting scalar potential fails to produce masses for 
the Kahler moduli, and thus leads to the problem of volume stabilization at the level 
of the leading perturbative approximation. 

One is then led to go beyond the leading approximation, to break the no-scale 
structure of the potential, thereby generating a potential also for the Kahler moduli. 
There are several ways to do this. The first is to allow the superpotential to depend 
on the Kahler moduli. This approach was pursued by Kachru, Kallosh, Linde and 
Trivedi (KKLT) in p]. Due to the Re(p°) shift symmetries mentioned above, the 
construction of [S] has to rely on non-perturbative strong coupling effects on the world 
volume of D-branes (gaugino condensation on D7-branes or D3-brane instantons) to 
produce a superpotential that depends on the Kahler moduli. This leads to a scalar 
potential with enough structure to stabilize also Kahler moduli. Of course, such non- 
perturbative effects are hard to control. Furthermore, some fine-tuning of the various 
input parameters is required to produce satisfactory minima at large volume. 

The second way to break no-scale structure does not rely on non-perturbative strong 
coupling phenomena. The Kahler potential (jHJ) naturally receives corrections in pertur- 
bation theory, both from a' corrections and from string loops. These corrections break 
the factorization of the total moduli space (into Kahler moduli times complex structure 
and axio-dilaton) and lead to more complicated dependence of the Kahler potential on 
the Kahler moduli. As a consequence, the no-scale structure of the potential is lifted, 
and it is no longer impossible to stabilize the volume modulus simply by perturbative 
corrections to the Kahler potential, i.e. without any dependence on the volume in the 
superpotential. 3 

For a' corrections, the breaking of no-scale structure was demonstrated in [TT] . 
Unfortunately, the corrections to the no-scale potential from purely sphere-level a' 
corrections are not sufficiently well understood to claim stabilization of the volume 
modulus. Here, we will add type IIB orientifold one-loop corrections that we deter- 

3 An alternative approach was considered in IE1 E] , combining the effects of a non-perturbative 
superpotential with non-trivial dependence on p and those of the a 1 corrections. The result reported 
there was that the perturbative corrections cannot be neglected and that a class of non-supersymmetric 
vacua with large volume can be found. Also, |10j considered volume stabilization by perturbative string 
corrections in nonsupersymmetric models. 
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mined in pQ for certain models. We will see that they constitute another source of 
no-scale breaking and introduce additional structure sufficient to stabilize the volume 
modulus, at least in principle. 4 As it turns out, in the very limited set of examples 
analyzed in pQ a significant amount of fine-tuning is required to stabilize the volume 
large enough so that one can neglect further corrections. Nevertheless, we consider 
the results promising, in that one can now look for concrete models where the volume 
modulus can be stabilized by perturbative corrections alone. 



2 General remarks on the large volume expansion 



In terms of string perturbation theory, the no-scale Kahler potential (JHJ) for the volume 
modulus p arises from sphere diagrams, expanded to leading order in a'. It receives a 
host of corrections beginning already at disk level, i.e. tree-level of the open string. At 
disk level, it is known that the argument of the logarithm in © is shifted by a function 
of the open string scalars that we collectively denote A and on the complex structure 
moduli U, cf. jH QH ESI EH , in the form 

K{p,p) = -ln[p-p] 
^ K(p,p,A,A,U,U) = -ln\p-p + f{A,A,U,U)}, (5) 

This can be considered the classical tree-level Kahler potential at leading order in a'. 

Beyond leading order in a', there is a correction known at order (p — p)~ 3 ^ 2 [llj 
whose coefficient is proportional to the Euler number of the internal Calabi-Yau mani- 
fold. Beyond leading order in the string coupling, the corrections in pQ are one-loop 
corrections from Klein bottle, annulus, and Mobius strip diagrams, that are typically 
suppressed by (p — p) _1 and (p — p)~ 2 , with coefficients that depend on the complex 
structure and axio-dilaton as well as on open string moduli. All of these corrections 
to (jHJ) ruin the factorization of the moduli space (the Kahler moduli space is no longer 
separate), and break the no-scale structure. 

Putting these pieces together, the expansion of the Kahler potential involves terms 
of the form 5 
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+ . . . 



4 This was also discussed in ^2]; see pll as well. 
5 See also ^3 EH ^ or re l ate d discussions. 
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where we omitted p-independent terms and those that are more suppressed in the large 
volume limit. The dots in the brackets involve terms with more inverse powers of the 
dilaton field S — S. These arise from corrections above one-loop, that are suppressed 
at small string coupling. Without fluxes, there are no further a' corrections at sphere 
level. But with fluxes, there could be terms leading in the dilaton expansion compared 
to the terms shown in @. For example, the term suppressed by (p — p)~ 2 might 
receive corrections already at sphere level, from a term proportional to G\R? (with G 3 
the 3- form flux). In addition, in the presence of D-branes, there may be a' corrections 
from disk diagrams that could contribute to (JHJ). Both of these potential additional a' 
corrections are poorly understood and we will limit our discussion of a' corrections to 
the (p — p)~ 3 / 2 term in (jOJ. 

We now consider a superpotential of the form (j2J and "integrate out" S and U by 
setting D S W = D V W = 0. This fixes S and U at S<® + 0((p-p)~ 1 ) and U®+0((p- 
with constants and U^°\ and we further assume that this is a minimum of 
the potential with respect to S and U . The idea behind this hierarchal integrating-out 
is an assumption of a separation of scales, where the complex structure and the axio- 
dilaton receive masses much larger than the typical scale of the potential for p and A. 
Substituting the Kahler potential of © into the scalar potential takes the form 

V = e K [k pp K- p K p + K pA K p K A + K Ap K A K p + K AA K A K A - 3) | W \ 2 . (7) 

The breaking of the no-scale structure is manifest whenever the factor in parenthesis 
no longer vanishes. However, computing the potential using © one finds that there 
is still no term of order (p — p) _1 in the large- volume expansion, even though there is 
such a term in the one-loop correction to the Kahler potential. Instead, the leading 
term that breaks no-scale arises from the a' correction in @. Therefore, for a flux- 
induced superpotential of the form (J2J the correction to the scalar potential is stronger 
suppressed at large volume than one could naively have expected from (0). It would 
be interesting to determine the effects of the Kahler potential (jBJ) together with a non- 
perturbative superpotential with non-trivial p-dependence, along the lines of [HI E] • 

With these observations the scalar potential that follows from setting D$W = 
D V W = 0, but D p W 7^ 7^ D A W (so that supersymmetry is broken spontaneously), 
becomes 
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The prefactor comes from exp(i^), and the coefficients c% and c 2 are functions of A, and 
depend on the values of the constants S^ ) and that, in turn, depend on the flux 
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values. Note that to determine higher terms in the expansion in the inverse volume, 
one would also have to solve the relations D$W = DjjW = for S and U to the next 
order in (p — p)^ 1 , and substitute into the scalar potential. 

To find a minimum of the potential that stabilizes the volume, one should now 
minimize this potential with respect to A and p. As noted also in |12j . in order to 
obtain a minimum at large values of the volume, one needs c\ < 0, c 2 > and 



> 1. (9) 



In a moment we will consider the concrete form of (jHJ) for the T 6 /(Z 2 x Z 2 ) orientifold 
that we analyzed in |T]. 



3 The T 6 /(Z 2 x Z 2 ) orientifold 

In this section we will review the known corrections to the Kahler potential as discussed 
in the previous section in a particular example, the T 6 / (Z 2 x Z 2 ) orientifold with D3- 
and D7-branes. We will see that the a' correction in the scalar potential of the volume 
modulus (i.e. the term with coefficient C\ in the previous section) comes out with the 
wrong sign for volume stabilization in this model (more precisely for that version of this 
orientifold for which the perturbative corrections were computed in pQ). Nevertheless, 
we want to use it to give an impression of the qualitative features and the order of 
magnitude of the corrections coming from the one-loop corrections (i.e. of c 2 of the 
last section), the reason being that the one-loop corrections are best understood in this 
particular case. We will come back to other models in the next section. 

The supersymmetric Calabi-Yau-orbifold on T 6 /(Z 2 x Z 2 ) is defined through the 
elements in Z 2 x Z 2 = {1, e u 2 , 3 = &i& 2 }, which all act on T 6 = Tj x T 2 2 x T3 by 
reflection along four circles, 0/ leaving invariant and reflecting along the transverse 
Tj, I = 1, 2, 3. The world sheet parity projection that we consider is Q' = QRq(—1) Fr , 
with Rq the reflection of all six circles, and Fr the right-moving fermion number. The 
fixed loci of Q' and Q'Qi define 03-planes and three sets of 07-planes. Accordingly, 
there are D3-branes and three sets of D7-branes, each of the latter wrapping one of the 
three T^. 6 Orientifold models based on Z 2 x Z 2 were the subject of much recent work 
on moduli stabilization [2T) | [21 ] l22 | l23 | EHj . 

6 In we employed the standard world sheet parity projection with f2 instead of W, and thus 
worked with D9- and D5-branes. Here we will translate all results into the language of D3- and 
D7-branes by simple T-duality rules, as explained in pQ. 
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The untwisted moduli of the model are three Kahler and complex structure moduli 
{p 1 , U 1 }, the axio-dilaton S, and the open string scalars. We will mostly restrict 
ourselves to a representative stack of D3-branes and denote its three complex position 
scalars as A 1 , and we leave out the D7-brane scalars and twisted moduli. 7 We define 
the scalars as 



1 =(C + ie-*), U 1 = -^(Gls + iVG 1 ) , A 1 = ai + U'a 1 



V8^ G{ 



5 ! 
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= ^ (c '^ +ie ~^ ) + h A 'w^- (10) 

The classical (sphere plus disk level) Kahler potential of this model is 

3 1 

= -ln(S - S) -Vln - tfMU 1 - U 1 ) - —{A 1 - A 1 ) 2 ] . (11) 
i=i 

Note that the moduli space does not factorize into Kahler moduli p 1 and complex 
structure U 1 , as long as Im(A 7 ) ^ 0. 

The one-loop correction to the Kahler potential is given by (see equation (3.30) of 



256vr 6 ^ 



7=1 



+ 



L (5 _5 )(p /_p/) (p j_pi )(p /<_p 



(12) 



The superscripts "D3" and "D7" are used to indicate that the two terms require the 
presence of the respective type of Dp-brane in order to be non-vanishing, since they 
originate from open string diagrams with at least one boundary on these branes. Some 
comments are in order. In defining the function S^ P (A, U), we must ensure that a 
certain anomaly constraint on the position scalars of the D3-branes is satisfied. Until 
now, we have only kept a single D3-brane modulus A and ignored all other branes. 
However, the other scalars cannot be set to zero entirely, because the set of all scalars 
Ai, % labelling the various stacks with gauge groups of rank respectively, has to obey 
Y^iNiAi = while J^jiVj = Ar D3 , where vVd3 is the total D3-brane charge of the 03- 
planes. We write this as iVb3 = 16 — iV flux in terms of the effective charge iVfl ux carried 
by background 3- form flux [2] 8 . The simplest solution is to consider three stacks with 

7 This effectively restricts us to a subset of fluxes — a generic flux destabilizes the orbifold limit 
such that the twisted moduli receive non- vanishing expectation values 1221 125] . 

8 This way of implementing the effect of 3-form flux on the 3-brane charge in the results of £Q is 
clearly slightly heuristic, since there was no flux considered in that calculation, and there may be 
additional corrections to the Kahler potential once fluxes are turned on, as we mentioned earlier. 
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-a 2 = a, m 



No 



N, and An 



0, N* 



iV, 



D3 



2iV. For the D7-branes 



we have set all scalars to zero from the beginning and there is no modification of the 
background 7-brane charge through fluxes. In this case one has (see equation (3.27) of 

DP) 



£? 3 



(A, U) 



£ 2 D7 (0, U) 



128N[E 2 (A, U) + E 2 (-A, U)] - 8N[E 2 (2A, U) + E 2 {-2A, U)} 
+120(iV D 3-2iV)£ 2 (0,f/) , 

1920^2(0,^7), (13) 



with 



E 2 (A,U) 



E 



(n,m)^(0,0) 



lm(U) 2 
\n + mU\ 



exp 



2vri 



A(n + mil) - A(n + mil) 
U-tJ 



(14) 



Note that E 2 (A,U) is not holomorphic. Things get even simpler when setting 2N = 
A^D3- In the special case when the D3-brane charge is completely cancelled by the 
3-form flux, i.e. iVfl ux = 16, the first type of correction in (JT2J) is absent. We show a 
plot of the function £ 2 7 (0, U) divided by 2567T 6 in figures [T] and El 




FIGURE 1: The expression tjC £P 7 (0,[/), where c is given by (128-7T 6 ) 1 as in p. 
The oscillatory behavior for small imaginary part of U is shown in more detail in 
figure |2j For small real part and large imaginary part, the function behaves as 
il287r 4 c x lm(U) 2 (see equation (B.3) in []]). 
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Figure 2: The expression l C £P 7 (0,f7) along Im(J7) e {0.6,0.7,0.8} in figurelH 

In addition to the one-loop correction to the Kahler potential there is also the 
tree-level a 1 correction of JT] here given by 



This correction arises from sphere diagrams and thus does not depend on the open 
string moduli A 1 . This completes the set of corrections to the Kahler potential known 
for this model, the full expression reading 



This presents a concrete realization of (jOJ) with all coefficients determined. As men- 
tioned above, this set of corrections may not be complete at the given order in the 
large volume expansion, due to the possibility of additional a' corrections that could 
appear at tree-level onwards in the presence of fluxes. 

The orientifold that we considered in PQ has gauge group Sp(8) A and is T-dual 
to the model discussed in |2Z|. Thus, it has Hodge numbers (hS 1,l > , h^ 2,1 >) = (3,51), 
cf. |28[ 129"] . and the Euler number is x = — 96, the wrong sign to achieve volume 
stabilization along the lines outlined at the end of section There do exist models 
with the right sign of the Euler number, such as T 6 /Zg which we also considered in pQ. 




(S - sf/ 2 



(15) 




K = + + . 



(16) 
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Here, the Kahler potential also exhibits one-loop correction terms that are suppressed 
by either (p — p) -1 or (p — p) -2 , such that the structure of that model is very similar 
to that of Z 2 x Z 2 . 9 Furthermore, we expect terms with the same volume dependence 
to appear also in other orientifold models, some of which would again have the right 
sign of the Euler number. 10 

Awaiting more detailed studies of corrections in other models, we continue by as- 
suming we had indeed found a model with the right sign of the a' correction and whose 
one-loop corrections are qualitatively captured by the formulas of the Z 2 x Z 2 model 
discussed in this section, even though we do not have a concrete model at hand with the 
full set of corrections and all the coefficients determined. In this spirit, we will outline 
a situation where stabilization of the volume modulus is possible, but fine-tuning (of 
the complex structure modulus U) is needed to obtain sufficiently large volume. 



4 Perturbative volume stabilization 

We now specialize to the case where all three tori are treated on equal footing, i.e. we 
set 

pi = p 2 = p 3 = p ; jji = jj2 = jjs = jj ; A 1 = A 2 = A 3 = A . (17) 
Then the Kahler potential becomes 

K = -ln[S - S] - 31n[(p-p)(C7 - U) - f(A,A,U,U)} 
■ Jgzjg | 3c ^2 3 (AU) 3c g 2 D7 (0,[7) 

(P-P) 3/2 2 (S-S)(p-p) + 2 {p-pY 1 ] 

where 

c= ^_ a= m (19) 

1287r« ' 2 • K ' 

We generalized the tree-level Kahler potential of Z 2 x Z 2 slightly by allowing for an 
arbitrary function f(A, A, U, JJ) in the shift of the argument of the logarithm. For 



9 However, in that case we did not determine some of the exact numerical factors yet. Moreover, 
we cannot exclude that there are additional terms in the Kahler potential proportional to (p — p)~ 3 ^ 2 
from additional one-loop contributions that are not present for Z2 x Z2, but that we did not calculate 
in ID 

10 An interesting candidate is the inequivalent version of the Z2 x Z2 orientifold with Hodge numbers 
(51,3). In the presence of world- volume gauge fluxes on the D-branes it allows supersymmetric 
solutions to the tadpole constraints (potentially with spontaneous supersymmetry breaking), see |2()l 

ED]. 
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Z 2 x Z 2 it is f(A, A, U, U) = (8tt)- 1 (A - A) 2 , and therefore independent of U. The 
resulting potential is 



V 



e K \W\ 2 



+■ 
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+ B§ " I " %)/ + ^ 2 ° 7(0 ' ^ + (20) 
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where p 2 = Im(p), and so on. For the case that f(A,A,U,U) is independent of U, 
and neglecting the terms proportional to (Im(5')Im(p) 2 ) _1 and (Im(S')Im(p))~ 2 that 
are suppressed for large values of Im(S'), 11 this reduces to 



V 



3a S^ 2 



W\ 



4 



3/2 
P2 



+ ? |lg + fl 6j»(0,t0)^ + O 




121) 



Some comments are in order here. It is obvious that the no-scale structure is already 
broken by the treedevel part of the Kahler potential, once the argument of the logarithm 
is shifted by the function f(A, A, U, U) and the factorization of the moduli space is lost. 
Furthermore, we see that we need a positive value for a to obtain a negative sign for 
the a' correction (i.e. c% in formula (JHJ)). According to (jl9j) this translates into the 
requirement of a positive Euler number, which is unfortunately not met by the Z 2 x Z 2 
orientifold in the version considered in pQ. 

As we already announced at the end of the last section, we continue heuristically, 
and ask what the prospects are for volume stabilization in a model with the right sign 
of the Euler number, under the assumption that its one-loop corrections are similar to 
those of the Z 2 x Z 2 orientifold. This is the case, for instance, for the Z' 6 orientifold. 
In this way we should be able to capture some of the qualitative features of volume 
stabilization by quantum corrections. 12 

Choosing a = 50 (corresponding to an Euler number of the order x ~ 111) and 
assuming that f(A, A, U, U) = at the minimum (this is just for technical convenience 
and does not alter the result qualitatively), the potential does have a minimum and 

11 In any case, higher-genus loop corrections may contribute at those orders. 

12 It would also be interesting to better understand issues raised by [3J in this context. 
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the value of the volume at the minimum depends on the constants and S^°\ the 
leading terms of the large volume expansions of U and S at the minimum (we will drop 
the superscript (0) in the following) as 



Im(p)l 



(Im(S))3 



(22) 



Using the form of E 2 (A,U) (cf. JH} and JUj)) given in (B.3) of 1J, it follows that 
the volume (}2*2*|) grows roughly as lm(U) 4 for large lm(U) (lm(U) > 5, say). Thus 
it is possible to obtain relatively large values for Im(p) at the minimum by tuning 
the values where U and S are stabilized. In practice it turns out that, to obtain a 
value of Im(p) = 100 with Im(S') ~ 10, one has to resort to degenerate values for the 
complex structure of about lm(U) ~ 650, cf. figure El Since U is fixed through the flux 
superpotential to leading order, we would expect typical values of the order of 1 to 10, 
and thus consider lm(U) ~ 650 a significant amount of fine-tuning. In addition, one 
would ultimately like to check whether higher-genus corrections might invalidate the 
genus expansion for such degenerate moduli values. 
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■0.2 
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Figure 3: Volume stabilization with the potential (|21jl. for a few values of Im(S'), 
and lm(U) = 650. The plot shows 10 18 x V/\W\ 2 . 
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To summarize, the structure of the Kahler potential that arises in IIB orientifold 
compactifications including the known a' and one loop corrections appears rich enough, 
in principle, to allow for purely perturbative stabilization of the volume modulus. The 
necessary properties for this to work, in the case we consider, are a positive Euler 
number and a tuning of the complex structure to large values. We have not been able 
to present a fully explicit model, but the Z 6 orientifold comes close. Since it is not 
excluded that there exist additional corrections that cannot be neglected in the large 
volume and small coupling expansion, as was discussed above, care must be exercised 
in interpreting these results. 
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